In this work step potential electrochemical spectroscopy (SPECS) and electrochemical impedance spectroscopy (EIS) are used to examine the y-Mn0 2 electrode and provide two distinct measurements of proton diffusivity during the discharge and cycling of y-Mn02. This is carried out by modeling the electrochemical data assuming solid-state spherical diffusion (in the case of SPECS) and by using an equivalent circuit approach (in the case of EIS). In both cases an outline of the model employed and the details of the fitting process are included. The resulting A.jD values are then considered and any changes noted during discharge or cycling, along with the variation observed between the two techniques, are explained in terms of the structural and morphological changes which the material undergoes. A key finding from these studies is that SPECS characterizes bulk diffusional processes, while EIS focuses on near-surface (<I nm deep) processes. Electrochemical energy storage.-The alkaline Zn-Mn0 2 system retains a prominent place in the global battery market, occupying "'80% of the total number of batteries manufactured in the US, and with over I 0 billion units manufactured worldwide.
Electrochemical energy storage.-The alkaline Zn-Mn0 2 system retains a prominent place in the global battery market, occupying "'80% of the total number of batteries manufactured in the US, and with over I 0 billion units manufactured worldwide. 1 The widespread use of electrolytic manganese dioxide (EMD) in alkaline battery cathodes arises from an abundance of its raw materials, 2 low production costs, low toxicity, and excellent performance under low and moderate discharge rates. These factors drive continued research on the alkaline manganese dioxide cathode, with current research directed toward better understanding the link between material structure, morphology and electrochemical performance.
Structure and electrochemistly of y-Mn02.-EMD has the yMn02 structure which is built up of edge-and corner-sharing [Mn0 6 ] octahedra in a manner consistent with a random microscopic intergrowth of pyrolusite (I x I) and ramsdellite (2 x I) forms of Mn0 2 • 3 Its structure has been considered in depth by Chabre and Pannetier, 4 who outlined a method forthecalculation of the pyrolusite content (denoted P,), and the level of microtwinning (denoted Tw) present in the (021) and (061) growth planes. Other key features associated with the y-Mn0 2 structure include cation vacancies, lower valent manganese cations (Mn3+), and structural water present as protons associated with the oxide anions that compensate for the charge deficiency incurred by Mn 3 + ions and cation vacancies. 5 -7 The discharge mechanism of electrolytic manganese dioxide in an alkaline environment was proposed originally by Kozawa et al., 8 • 9 and later refined by others. 10 -12 For the single electron reduction to S-MnOOH, the model consists of a homogeneous process based on concerted electron-proton insertion into the host y-Mn0 2 structure; i.e., Mn02\-<l + .6.H20 + .6.e--+ MnOOH,.,<sl + .6.0H~, 11 [ 
IJ
The inserted electron originates from the external circuit, passing through the eonductive pathway in the electrode to be inserted into the manganese dioxide structure to reduce a Mn4+ ion to Mn 3 +. This process occurs in tandem with water decomposition at the manganese dioxide-electrolyte interface, leading to proton insertion into the yMn02 structure, with the remaining OH-ion staying in the electrolyte. Protons and electrons then diffuse through the structure. via movement between adjacent oxide or manganese sites, tending toward a uniform distribution of inserted species.
Proton diffusion mechanism in y-Mn0 2 . -The diffusion of protons and electrons through the y-Mn0 2 structure is of particular importance for the performance of the alkaline manganese dioxide cathode.
•Electrochemical Society Student Member. .. Electrochemical Society Active Member. 'E-mail: scott.donne@ncwcastk.cdu.au Previous work has shown that proton diffusion is rate limiting, 13 when compared to electron mobility, for the majority of the discharge process. The location and movement of protons within the pyrolusite and ramsdellite sub-units of y-Mn0 2 has been previously considered by Balachandran et al., 14 who reported a first principles computational study on proton intercalation. By determining the energy barriers for proton diffusion along different paths in the materials, the authors were able to show that the lowest energy diffusion path ( ~200 meV) for a proton in the ramsdellite structure consists of hops between pyramidal oxygen ions on opposite sides of the (2 x I) tunnel. This was found to occur via a rotation-and-jump mechanism, whereby a proton attached to a pyramidal oxygen site rotates prior to hopping to the opposite oxygen site.
In contrast, the lowest energy pathway in pyrolusite was observed to be from an oxygen site on one side of the (I x I) tunnel to an oxygen site on a neighboring side. The movement between oxygen sites without rotation results in an activation barrier much higher in pyrolusite (575 meV) when compared to ramsdellite (~200 meV). As a result it was implied that the presence of de Wolff defects would inhibit proton diffusivity and hence limit performance under rate limited conditions. Finally, the effect of twinning on the diffusion process was studied by considering proton diffusion through the a-Pb0 2 structure, the 100% twinned equivalent of pyrolusite. The activation barrier for the lowest energy transition was found to be ~ 1.2 e V, suggesting that twinning dramatieally reduces the rate of proton diffusion through the material.
This work.-In this work we will make use of step potential electroehemical spectroscopy and electrochemical impedance spectroscopy to examine the y-Mn0 2 electrode and provide two distinct measurements of proton diffusivity during the discharge and cycling of y-Mn02. In each ease analysis of the electrochemical data will be combined with an appropriate model to allow values for proton diffusion to be determined. The resulting values, and the models which were developed in each case, will then be compared and any variation considered in te1ms of the structural changes y-Mn0 2 undergoes during discharge and cycling.
Experimental
Materials and characterization.-The EMD used in this work was provided by Delta EMD Australia, Pty Limited. It was prepared by the electrolysis of a hot ( ~98°C), acidic (H 2 S0 4 ) solution of MnS04 (acid:Mn ratio of "'0.4) resulting in deposition of the manganese dioxide onto a titanium anode. Following deposition, the EMD was mechanically removed from the anode, milled into a -105 µ.m powder (mean particle size of ~45 µ.m), neutralized and washed to remove entrained electrolyte, and then dried before being ready for use. Using standard analytical techniques it was determined that the EMD employed po~;essed_ a y-Mn02 cryst_al structure. 4 had an x in MnO, value of 1.97, · a cal!on vacancy fraction of0.07-5-7 and a BET smface area (N 2 a<.lsorption at 77 K) of 30.0 m2/g . 16 To assess.the changes this m_ate rial undergoes during reduction a series of partially reduced materials was prepared by reaction with 2-propanol. The structure o f each of these materials was determined by X-ray diffraction using a Phillips X'Pert MPD diffractometer equipped with a Cu Ka radiation source (>.. = 1.5418 A) operated at 40 kV and 30 mA. The scan range was from 10 to 90°20 with a step size of O.?<J7 20 and a_ scan _ time of I h. The morph~logy of selecte<l materials was a lso mvest1gated using a JEOL JEM-2 100 electron microscope with a La B 6 source operating at 200 kV.
Electrochemical cell construction.-The EMO working electrode used in this study was prepared by mi xing together EMO (0.200 g), Timcal SFG 6 graphite (2.000 g) and 9 M KOH (~0.25 g) using a mort~r and pestle. Cell assembly involved placing 0 .200 g of the blackm1x 111to a Teflon-lmed Au-coated C-size battery can. After covering with three separator papers. the electrode was compacted under 1 t for ~2 min. A perforated Perspex separator disk was then placed onto the electrode and a stainless steel counter electrode sleeve slid into place. The chamber was then filled with ~1 5 ml of electrolyte, sealed with Parafi lm-M (SPJ Supplies) and mounted between a Perspex cover and base-plate. The cell was he ld in place with three securing bolts that were each tightened to a torque of 75 cN.m to ensure a uniform pressure. Finally, a Hg/HgO reference electrode was inserted into the cell, which was then a llowed to equilibrate for 60 min prior to cycling. A schematic of an assembled electrochemical cell can be seen in Ref. 17 .
Electrochemical protocol.-The electrochemical behavior of this electrode was investigated via step potential electrochemical spectroscopy (SPECS), and the combination of SPECS with electrochemical impedance s pec troscopy (EIS). Briefly, both techniques involved stepping the potential in 25 mV increments from 0 . 1 V to an upper limit of 0.3 V, down to a lower limit of -0.3 V, and then back up and down, giving a total of two cha rge-discharge cycles. At each step the electrode was a llowed to equilibrate and the current response recorded over a 60 min interval. An impedance spectrum was then measured using the frequency range 20 kH z to 0. 1 Hz with a I 0 m V (AC) excitation signal. In this way a series of c urrent decay curves and impedance spectra were gathered over the two charge-discharge cycles examined.
Results and Discussion
SPECS characterization and analysis.-T he chronoamperometric response of the manganese dioxide elec trode at set potentials during discharge is shown in Figure I . It was observed that as the potential was made more cathodic. the current increased due to the enhanced reduction of manganese dioxide. As expected, the current response was observed to vary significantly depending on the applied potential. By integrating the c urrent-time res ponse the charge passed during each potential step could be quantified. As shown in Figure 2 , this process provides similar information as to that which can be obtained via slow-scan cyclic voltammetry; except that in this case the peak positions a re shifted toward their thermodynamic pote ntials due to the nature of the SPECS experiment. In the initial charging half-cycle, carried out to ensure the EMO is fully oxi<lized prior to use, evidence of oxygen evolutio n is apparent at potentials above 0.25 V. T his feature is also evident in the second charging half-cycle, and likely arises from sining the e lectrode at high anodic potentials for substantial periods of time. During the discharge half-cycles we observe behavior typical of EMD. The SPECS data shown in Figure I can also be analyze<l further to gain insight into the kinetics, rather than the thermodynamics, of the reaction taking place at each potential ~tep. Numerous models have been use<l to interpret chronoamperometric data, with the mo~t well known being the Cottrell equation developed for planar semiinfi nite diffusion in a bulk e lectrolyte. 18 Give n the present e lcctro<le system. where diffusion in approximately spherical crystallites in the solid-state rather than in a bulk e lec trolyte gives rise to the current response, the boundary conditions employed for deriving the Cottrell equation cannot be reasonably applie<l. A more appropriate model --
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Boundary: C(x, t) = C1 for all x when t = 0 [3] Boundary: &C(x, t) i(t) for x = 0 and a when t > 0 = &x nFAD [4] Under these conditions, Fick's Second Law of Diffusion can be solved to yield
11= 1 (5] where i is the current density (Ng), A is the electrochemically active surface area (m 2 /g), 0 is the diffusion coefficient (m 2 /s), ~C is the change in hydrogen concentration in the host manganese dioxide structure over the potential step ( = C 1 -C 0 ; mol/m 3 ) , a is the particle radius (m) and tis the time (s). By combining constants in Eq. 5 two fitting parameters P 1 and P 2 can be produced; i.e., where
P 1 and P 2 can then be determined using linear least squares regression by fitting a curve (or curves) defined by Eq. 6 to the experimental data. An example of this fitting procedure carried out to the experimental data is shown inset in Figure I . and the resulting parameter values for selected potentials are shown in Table I . As is evident is this figure , a good fit is obtained over the course of the experiment with the deviation in the modeled current response less than 0.02 Ng, with a percentage variation <4%, over the range examined. Importantly, we have chosen to model the electrode response with a single process, rather than including multiple processes as has been previously carried out.
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The use of multiple processes to model the electrode response arises from the attempt to characterize energetically different sites within the EMO electrode. However, by modeling the data using a single curve, fitting parameters can be obtained which represent a weighted average of electrode response during each potential step. while maintaining a good fit to the experimental data. Analyzing the experimental data in this way allows for a more direct comparison to be made between the SPECS data modeled here, and the EIS data to be analyzed in the following section. In this way, the fitted parameters can then be combined with the change in proton concentration over the respective potential step to calculate a single, average value for A.JD; i.e., [9) However, to accurately determine how the solid state proton concentration changes during the reduction process, it was first necessary to c haracterize how the structure of the EMO material, in particular its unit cell volume, changes during proton insertion.
To examine these changes a series of partially reduced materials was prepared from the starting material and their structure determined via powder XRD. A comparison of the XRD patterns for these materials, including the assignment and shift of the key (110), (021), (121 ), (221, 240) and (002, 061) reflections is presented in Figure 3 . As reduction proceeds, the overall trend is a peak shift toward lower 28 angles, consistent with anisotropic expansion of the underlying lattice. As the depth of reduction exceeds Mn01. 61 i. the peaks in the region 30-45°28 were observed to lose intensity and being to separate. reflecting a loss of underlying symmetry beyond this point. Upon complete reduction, five distinct peaks were observed in this region, along with a broad (130) reflection shifted slightly to lower angles. The loss of order in the structure beyond this depth of discharge is particularly important for the cyclability of the material, with previous studies clearly illustrating that cycling which is carried out beyond this composition results in a steady decline in rechargeable capacity. 21 Additional features which arise include an increased separation of the (221) and (240) EIS characteriwtion and analysis.-A second series of experiments was carried out using electrochemical impedance spectroscopy, and an example of the resulting electrode response during discharge is shown in Figure 5 . In contrast to the SPECS experiment. which characterizes how the material changes during each potcnti;1) step. the EIS response characterizes the charge transfer and/or transport processes which occur 111 the electrode after equilibration at a set potential. The Nyquist plots for the EMO electrode all exhibit a single semicircular arc at high to mid-frequencies, followed by a low-frequency diffusion tail. Comparing these spectra it is evident that as discharge proceeds the width of the semicircular arc decreases. while the magnitude of diffusion tail is enhanced. To understand these changes in a more quantitative manner. it is first necessary to develop an appropriate model to interpret the data.
To quantitatively understand the results of an EIS experiment. an equivalent circuit approach is commonly employed. Here, this was carried out by taking into account the various paths charge may ~nove. through the electrode, including both charge buildup at the interface and the act of charge transfer, and an understanding of the reactions which occur within the electrode. To begin. the movement of charge to the .~urface of the active EMO needs to be considered. Primarily this occurs by charge transport through bulk electrolyte (Re) . in combination with a solid state contribution due to charoe transport within the porous electrode (R 111 ). Overall. this process c;n be represented by a series resistance (R,) and can be measured directly in the EIS response at the high frequency limit; i.e., at the x-intercept at the beginning of the semicircular arc. As this is the only path available for charge transport it was placed first in the equivalent circuit. in series with all the other circuit elements.
Once the ionic charge in the electrolyte reaches the EMO surface, one of two options become available. Firstly, charge transfer can take place, such that during the cathodic portion of the applied ac signal the homogenous reduction of EMO occurs. The details of this process have bee n described earlier, but it is important to note that for meaningful data to be obtained charge transfer needs to be reversible over the I 0 mV potential window imposed by the ac signal. In the case of the EMO electrode employed, with its large excess of electrolyte and conductive graphite. this assumption is reasonable and allows the charge transfer process to be represented by a second resistor (designated R,.,} in the circuit model.
The alternative process, modeled in parallel with Rn, is for ionic charge in the electrolyte to remain at the interface and contribute to the establishment of a double-layer capacitance. Jn the case of EMO, with its combination of variable surface composition, roughness and porosity. the formation of numerous intersecting double layers is expected. As a result, different regions of the EMO surface will have different intrinsic capacitances. resulting in a distribution rather than a single capacitance value. To account for this non-ideal capacitance. a constant phase element (ZCPEl is commonly employed; to their behavior must also be considered. with this becoming most evide nt at low fre4uencics. Specifically, during the impedance meas urement a frequency is reached where the kine tics of mass transport are the limiting factor in the impedance response. As a means of accounting for ihis, a second constant phase element (CPE2) was be employed in series with Rei· giving rise to the equivalent circuit shown inset in Figure 5 . The development of this equivalent circuit model accounts for the single semicircular arc, with a low-frequency diffusion tail. observed in the recorded data. and is consistent with our understanding of the electrochemical processes which occur within the electrode.
To o btain the optimized values for the eyuivalent circuit compo nents compared to experimental data a complex non-linear least squares CCNLS) regression technique was employed. This method was proposed initially by Boukamp. 2~· 2 -' and involves simultaneously fitting the real and imaginary components of the impedance. predicted from the equivalent circuit. using the expression (121 where S is indicative of the divergence between experimental and predi,cted dat~; z~ . = z: + jz;' is the measured d~ta set, z;(w) ~ Z;(~) + JZ; (w) 1s th_e p~ed1cted data set._ and w; 1s a weighting factor for each data po111t 111versely proportional the square of the modulus of the measured data set; i.e ..
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The fitting procedure involved optimizing the equivalent circuit parameters such that S was minimized. In all cases the fitting be.
tween the model and experimental data was very good, meaning that S was always small. with an error associated with each of the parameters <5%. Each of the fitted parameters could then be considered in terms of the changes which occur to the electrode during discharge and cycling. Firstly, a stable series resistance of 0.61 ± 0.04 Q was observed experimemally acrnss_ all potentials and this veritied that any vanat10n 111 equivalent c1rcu11 components could be contidently assigned to changes in the active material rather than any limitations in electrode construction. The next two circuit elements, Re, and CPEJ. reveal how charge behaves upon reaching the EMO surface, and hence reflect both changes in this process and the surface itself. The changes observed for these circuit elements are shown in Figure 6 . wherein the double layer capacitance was calculated from CPE I pre-factor a and exponent m. 18 The key features observed for the charge transfer resistance were: (i) the decrease in Re, during discharge, correlating to the onset of the bulk reduction process; and (ii) the increase and peak in Rn during the second charging half-cycle, indicating that oxidatirn1 results in an altered material when compared to that employed 1111t1ally. In terms of the double layer capacitance. it was observed that the capacitance generally increases during the later stages of each half-cycle and is higher during the second charge and discharge half· cycles when compared to the tirst. The first feature can be attributed to kinetic limitations associated with the charge transfer process, with charge anticipated to buildup rather than enter/exit the structure in 
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the potential region after the bulk reductionloxidation process has • 8 . 0 .,-----------------::-~-----., occurred. The second feature indicates that the nature of the EMD surface had been irreversibly altered by the redox process, resultin<> in a greater buildup of charge and suggesting a breakdown of constitu~nt particles.
. . The final c1rcmt element, CPE2, was employed to characterize the diffusional characteristics of the active material observed under low frequency conditions. By combining the impedance response in this region with the effective solid-state proton concentration at each potential (Eq. 10), values for A.JD were determined as follows: IS RT AvD [14] where A is the electrochemically active surface area (m 2 ), D is the proton diffusion constant (m 2 /s), R is the standard gas constant, T is the temperature, cr is the CPE2 pre-factor (Q), Fis Faradays constant, and C is the effective solid-state proton concentration (mol/m3).
The change in A.JD values during the first and second discharge half-cycles is shown in Figures 7a and 7b , respectively. During primary discharge it was observed that A./D was highest initially, decreased steadily down to -0.1 V, after which it dropped off sharply. In contrast, during the second discharge half-cycle A./D was significantly lower initially, remaining relatively stable around 5 x 10-9 m 3 .s-112 .g-1 , and then dropping off sharply after 0.0 V. Also shown in Figure 7 are the corresponding A./D values determined via SPECS. Focusing on primary discharge it is apparent that both data sets show similar behavior from 0.3 V to -0.1 V, with proton diffusivity decreasing steadily as the structure expands during electron-proton insertion. However, beyond this potential the data sets diverge, with the EIS data suggesting that the material is undergoing significant changes in this region which result in poorer measured proton diffusivity. Given that this potential aligns with the mid-point in reduction (c.f. Figure 2) , dissolution of Mn(III) from the host structure, along with subsequent disproportionation, can be expected to occur in this region. [26] [27] [28] These processes result in the formation of a K-rich birnessite phase on the surface of the EMD and provide a likely reason for the marked decrease in A./D in this region. 2 6-28 During the second discharge half-cycle the divergence occurs right from the start, with the EIS data suggesting the presence of a poorer performing electrode material resulting from intervening redox processes. The ·relationships between the electrochemical technique employed, calculated proton diffusivity, and the redox reactions occurring within the electrode are considered in more detail in the following section.
Variation in A./D and its relationship to material structure.-
The two electrochemical methods employed to determine proton diffusivity vary significantly in the time constraints surrounding data collection and this has important implications for the calculated A./D values. In the case of the SPECS experiment the applied potential is stepped 25 m Veach hour, during which the current response peaks and then slowly decays as the electrode tends toward an equilibrium state. As a result of these experimental conditions, protons (and electrons) can diffuse throughout the bulk of active material and the calculated AJD values reflect this movement. However, in the EIS experiment diffusion-limited conditions are observed as the frequency shifts toward its lower limit (0.1 Hz) and the corresponding time period (5 s for a cathodic/anodic wave) is much shorter. The shorter time period means that the EIS response is more sensitive to changes in the surface of the active material; whereas SPECS provides greater insight into changes in the bulk.
By .... where D is the diffusion coefficient (m 2 /s), "-is the penetration depth (m), and i: is the time period (s) during which diffusion can occur. Using this equation the penetration depth at a number of points during discharge was calculated and these values are reported in Table III . Importantly, these values rely on the use of the BET surface area as an approximation for the electrochemically active surface area, which, while being a reasonable assumption, likely overestimates the active surface area and hence underestimates the penetration depth. This arises because the BET surface area is determined by the adsorption of N 2 gas which varies significantly in terms of its properties (size, polarity, etc.) when compared to electroactive water in alkaline electrolytes. In spite of this, it is readily apparent from these values that the time period of the SPECS experiment allows protons to diffuse much fu11her into the material at any stage during discharge. It is also clear that the EIS response is limited to changes in the surface layers of the material, allowing the significantly lower A,/D values determined using this technique to be confidently assigned to changes at the EMD surface. As a means of relating the penetralion depth to the unde rlying structure of EMD particles, high resolution transmission electron microscopy (HRTEM) investigations were carried out. In agreement with previous HRTEM studies in the literature. 3031 these revealed .that t.he larger 45 µm particles were bui It up of smaller nano porous grams with dimensions 100-200 nm, and these were in turn made up of smaller ellipsoidal crystallites with dimension ~I 0-25 nm. These underlying crystallites, which agglomerate together to give the bulk EMD structure. can be observed readily in Figure 8 . Importantly, if we compare the penetration depth for the SPECS experiment (5-10 .nm) with ~he size of the crystallites (~I 0-25 nm) it fol lows that sphencal d1 ffus10n would result in the movement of protons through the entire crystallite. Given the porous nature of EMD particles, which allows electrolyte to penetrate into the depth of each particle, this would ~esult in proton movement through most of the particle. In contrast, the EIS experiment is limited to surface layers (<I nm) and as such the calculated AjD values are strongly influenced by changes in this region. Specifically, the surface changes brought about by dissolution-disproportionation reactions at the EMD surface 2 6-28 provide an explanation for the large decrease in A,/D during discharge. Thus, the changing AjD values shown in Figures 7a and 7b provide insight into both bulk and surface changes, resulting from the corresponding SPECS (bulk) and EIS (surface) experiments.
Conclusions
In this work two electrochemical techniques, SPECS and EIS, were used to characterize the behavior of the alkaline y-Mn02 electrode during discharge and cycling. In both cases. this involved a consideration of the change in electrochemical behavior at each potential step, the development of an appropriate model to quantify these changes, and the calculation of proton diffusivity (A,/D) values. For the SPECS experiment, the current response during each step was observed to vary considerably over the potential range exammed and these changes were first quantified by integrating the current response to yield the charge passed during each potential step. The resulting variation in incremental capacity with applied potential revealed the thermodynamic peak potentials for each of the underlying redox rea.ctions which occurred during the two charge/discharge cycles exammed.
To characterize the change in proton diffusivity, a solid-state spherical diffusion model developed by Hong et al. 11 was outlined and then applied to the SPECS data. Importantly, here the fitting was carried out using a single process, as opposed multiple underlying processes, 19 · 20 and this allowed the calculation of a single, average AjD value at each potential step. During the first discharge half-cycle the AjD values were observed to peak at 7 .45 x L0-9 m 3 .s-112 .g-1 and then decrease slowly to a minimum of 1.35 x JQ-9 m 3 .s-112 .g-1 . The decrease in A,/D was noted to be consistent with the well characterized expansion of the y-Mn0 2 lattice upon reduction, 4 · 10 · 1 1. 14 increasing the hop distance protons must undergo to diffuse through the material. During the second discharge half-cycle the behavior min'OI'ed that of the first, suggesting that despite reduction and re-oxidation the structure is similar to that employed initially. For the EIS experiment, the electrode response was modeled using an equivalent circuit approach which accounts for the movement of charge in the electrode at high, mid and low frequencies. The change in the circuit parameters representing charge transfer (Rct) and charge buildup (CPEI) revealed that the surface of the active material is irreversibly altered by charge/discharge cycling. This was particularly evident during the second charging half-cycle; where higher charge transfer and capacitance values indicate that movement of charge into (and/or out of) the material is inhibited. Proton diffusion (AJD) values were then determined from the EIS response and shown to vary significantly when compared to those detennined via SPECS. While a similar decreasing trend was observed until -0.1 V, beyond this point the values diverged significantly. In the case of the EIS values, a sharp decrease in AJD occurred as the applied potential decreased and this was assigned to dissolution and the subsequent formation of a K+ -rich bimessite phase on the y-Mn0 2 surface.
By adapting the Einstein-Smoluchowski equation, the penetration depth for protons in each technique was then estimated at selected points during discharge. By comparing these values with the nanostructure of the material, imaged via HRTEM, it was shown that AJD values determined via SPECS represent the movement of protons through the bulk of the material, whereas EIS values focus on diffusion localized at the surface (penetrating < 1 nm into the material). Each set of values thus provides keys insight into different aspects of the material; with the former suggestive of stability in the bulk of the material and the latter indicative of degradation of the surface through dissolution and undesirable surface layer formation.
